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Mechanical resonators made with monolithic piezoelectric quartz crystals are promising for studying
new physical phenomena. High mechanical quality factors (Q) exhibited by the mm-sized quartz
resonators make them ideal for studying weak couplings or long timescales in the quantum regime.
However, energy losses through mechanical supports pose a serious limiting factor for obtaining high
quality factors. Here we investigate how the Q of quartz resonators at deep cryogenic temperatures
can be limited by several types of losses related to anchoring. We first introduce means to reduce
the mechanical losses by more than an order of magnitude in a no-clamping scheme, obtaining Q-
factors of 108 of the lowest shear mode. We can exclude a wide coverage of aluminum metallization
on the disk or bond wires as sources of dissipation. However, we find a dramatic reduction of the
Q-factor accompanying an electrode configuration that involves strong focusing of the vibrations
in the disk center. We propose a circuit model that accounts for the reduced mechanical Q-factor
in terms of electrical losses. In particular, we show how the limiting factor for losses can be small
ohmic dissipation in a grounding connection, which can be interpreted as electrical anchor losses of
the mechanical device.
I. INTRODUCTION
Bulk Acoustic Wave (BAW) piezoelectric mechanical
resonators are in use as the timebase in almost every dig-
ital electronics device [1]. Besides oscillator use, the ap-
plications of BAW range from scanning force microscopy
[2, 3], filtering of analog circuits [4] and magnetic-
resonance force microscopy [5, 6]; and prospects in me-
chanical computation [7], mass sensors [8] and quantum
limited position measurement [9, 10]. Some more exotic
possible applications include gravitational wave detection
[11], quantum information manipulation [12] and detec-
tion of specific types of dark matter [13].
Thickness shear mode quartz resonators are a specific
type of BAW where the piezoelectric crystal is usually
an AT cut rectangular, square or disk plate with the dis-
placement perpendicular to its thickness. The structure
will resonate at frequencies for which the thickness is an
odd multiple of half the acoustic wavelength. This type
of resonator is extensively used as a sensor, for example
for thin film deposition control, gas detection and liquid
viscosity measurements. In these applications, it is often
called the Quartz Crystal Microbalance (QCM), exten-
sively studied after being proposed in Ref. [14].
An important challenge with most of the thickness
shear mode sensors is the difficulty of obtaining spatial
sensing homogeneity. Usually the mechanical mode is not
homogeneous across the sensing surface, so the sensitivity
varies depending on the location of the load. This is par-
ticularly important in the CQM. For this reason there
has been growing research interest in the optimization
of the electrode geometry for uniform mass sensitivity.
Some of the proposals include ring [15] or elliptical [16]
electrodes, or variable thickness metallization [17].
Using plano-convex lens shaped quartz disks is a com-
mon practice that enhances the sensitivity uniformity by
confining the mechanical mode to the center of the res-
onator plate, with the bonus of decreasing the clamping
losses. In our earlier study [18] we introduced a design
wit a set of large thin-film aluminum grounded spikes,
extending from the edges to the center of the disk. The
spikes were used to further focus the mechanical mode of
a plano-convex crystal by enhancing the electrical field
in the center. The focusing of the mode shape not only
increases the spatial detection consistency but also the
sensitivity in the smaller detection area, due to a bigger
localized strain. The focusing can also be very useful for
microfluidic / chemical / biological sensors, where reac-
tive species are immobilized in a specific region of the
substrate and the mode shape can be focused directly
and exclusively below that active area.
The motivation of the work in Ref. [18] was to operate
a quartz disk resonator near the quantum regime of the
mechanical vibrations of the lowest shear mode. In that
design, a Cooper-pair transistor (SSET) [19, 20] is cou-
pled in parallel to an LC tank circuit [21], forming an ef-
fective cavity optomechanical setup. The strength of the
interaction between microwave ”light” and mechanical
motion depends on the fraction of total piezoelectric sur-
face charge that couples to the island of the SSET. The
charge focusing scheme improves the overlap between the
mechanical mode and the small SSET island area of a few
square micrometers, and enhances the interaction by two
orders of magnitude.
In order to eliminate thermal noise in sensitive mea-
surements, the quartz resonator needs to be cooled to the
ground state of the mechanical vibrations. For the afore-
mentioned resonator, the ground state corresponds to a
very low temperature of about 0.2 mK, as a consequence
of its low resonance frequency ≈ 7 MHz. This tempera-
ture is well below the temperature achievable in a dilu-
tion cryostat, however optomechanical sideband cooling
[22] may be used to further reduce the mechanical mode
temperature below that of the environment. The cool-
ing power of such a technique is linked to several factors,
in particular the coupling strength in the effective op-
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FIG. 1: a) Photograph of the actuation and transmission measurement setup employed to acquire the resonance
frequency and quality factor of the quartz resonator at temperatures ranging from 10 mK to 300 K. Two quartz disk
devices are seen laying in lens-shaped supports. b) Top-view photograph of a quartz disk having an aluminium island
(black circle) in the center. c) Side view of the measurement schemes for the three different device schemes studied
in this work: bare quartz (bare), aluminum island (Al-i.) and charge focusing (CF). The schemes are differentiated
by colour coding. d) Charge focusing electrode configuration. e) Mason’s model equivalent circuit for a piezoelectric
layer. f) Mason’s model for top / bottom coating layer. The drawn impedances are acoustic impedances.
tomechanical system, and the mechanical quality factor
(Q). The focusing scheme with grounded spikes enhances
the coupling, however, we found that Q ∼ 106, several
orders of magnitude smaller than in principle possible
in monolithic quartz resonators. One can thus suspect
that the focusing scheme adds mechanical energy leak-
ing pathways, thus strongly deteriorating the prospects
of sideband cooling performance.
In this work we investigate the mechanisms that cause
the charge focusing setup to exhibit reduced Q, and
how to minimize them. We present a model that in-
cludes such mechanisms, which can also be extrapolated
to other electrode configurations. Similar to [18], for the
experimental work we will use 6 mm diameter, 200 µm
to 250µm thick plano-convex quartz disks with a funda-
mental thickness shear mode around 7 MHz. We experi-
mentally measure the dissipation due to charge focusing
and thin film electrodes from room temperature down
to mK temperatures. In contrast to Ref. [23], we find
that dissipation due to uniform thin film electrodes on
the quartz surface is negligible, and instead the Q fac-
tor is limited by the electrical properties of the grounded
charge focusing structures.
II. MASON’S MODEL
To study the dynamic behaviour of piezoelectric res-
onators, it is practical to use simple models expressed in
a circuit representation. There are a number of different
models available, from which some of the most common
are the Butterworth-Van Dyke (BVD) [24, 25], Mason’s
[26] and Krimholtz, Leedom and Matthae (KLM) [27].
We use Mason’s model, which compared to BVD has the
advantage of clearly separating the electrical and acoustic
domains and relating the material’s physical properties
to distinct acoustic impedances.
The Mason’s model for a piezoelectric layer is shown
in Fig. 1e for the thickness mode. The piezo resonator
is modeled as an acoustic transmission line coupled to
its electrical counterpart by an ideal transformer with
the number of turns N proportional to the quartz elec-
tromechanical coupling coefficient. Notice that N is a
dimensional quantity, representing the transduction be-
tween acoustic and electrical impedances. In the case of
bare quartz, with no extra layers deposited on surfaces,
the acoustic ports are shorted as depicted by the blue
trace of Fig. 2. If another material is added on any of
the surfaces, a module similar to the one shown in Fig. 1f
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FIG. 2: Schematic representation of the equivalent electrical circuits used
to model the shear thickness mode response of a quartz disk resonator
with different electrode configurations. The blue and red traces represent
the classical Mason’s model for the situation of a bare quartz and
Al-island quartz, respectively. The green trace represents the modified
Mason’s model proposed in this work to model mechanical energy leakage
due to ohmic losses in the charge focusing electrode layout.
is added to the corresponding port on the Mason’s piezo-
electric representation. The red trace of Fig. 2 shows
such representation for the quartz disk with the top sur-
face coated. In our experiment, the coatings are the elec-
trodes made out of aluminium.
The relationships between the materials constants and
the model parameters are shown in Table I [28], where
33 and h33 are the piezoelectric material’s permittivity
and deformation factor, c33,n and ρn the elastic stiffness
and density of the n (quartz or Al)-layer material, AP
and tP the piezoelectric disk surface area and thickness,
An the n’s layer surface area, and Z0,n represents the
specific acoustic impedance of material n. It is important
to notice that in order to take into account the different
sources of intrinsic dissipation (dielectric, elastic, ...) 33,
h33 and c33,n are defined as complex numbers, with the
imaginary part being the corresponding loss tangent.
The impedance ZS,n on the acoustic transmission line
portrays the bulk elastic response of the n material to the
acoustic wave, while ZT,n mimics the behavior of such
wave at the interfaces with adjacent material layers. In
the case under study, namely a quartz disk with Al met-
allization on the top surface, the impedance matching
between ZT of the quartz layer and the coating film to-
tal equivalent impedance will define the effect of the film
on the resonator. Impedance mismatch creates wave re-
flections at the quartz / Al interface that can interfere
constructively or destructively, depending on the phase
shift and attenuation suffered by the acoustic wave while
traveling through the different materials.
The analysis of the standard Mason’s representation
of Fig. 2 for a quartz disk coated with aluminium
shows that the total acoustic impedance in such case
is ZA = ZS,Quartz + ZT,Quartz ‖ (ZT,Quartz + ZAl),
where ZAl is the total acoustic impedance of the alu-
minium layer given by ZAl = ZT,Al + ZT,Al ‖ ZS,Al =
iρAlAAlνAl tan (ωtAl/νAl) and νAl is the complex acous-
tic velocity in the aluminium. Depending on the thick-
ness of the Al film, its effect on the piezoelectric reso-
nance can be described either as mass damping in the
regime with tP  tAl, or as radiation damping in the
regime tP  tAl.
In the mass damping regime with a thin film coating,
tan (ωtAl/νAl) ≈ ωtAl/νAl, which yields ZAl = imAlω.
In this case the aluminium mass acts as an inductance
on the total acoustic impedance of quartz, so the reso-
nance peak is shifted but the effect on the mechanical
quality factor is negligible. This means loading of the
mechanical resonator by ideal mass, with the film mov-
ing synchronously with the quartz. In our experiment
the quartz thickness tP ≈ 200 µm ... 250 µm and the alu-
minium thin film thickness tAl ≈ 30 nm, and hence we
expect to be deep in the mass damping regime.
III. EXPERIMENTAL TECHNIQUES
The lowest shear mode at ω0/2pi ≈ 7 MHz is char-
acterised in the transmission scheme of Fig. 1c. The
transmission setup allows fast and accurate determina-
tion of the resonance peak even when the mode frequency
is changing with temperature, and the system is only
weakly loaded by the measurement ports.
The quartz disk resonator lies unanchored on top of a
concave quartz lens with the convex part on the bottom,
maintaining the central region of the disk suspended. In
4(a) (b)
FIG. 3: a) The magnitude characteristics of the transmission coefficient of the mechanical mode is illustrated at the
base temperature (left column) and above 5 K (right column) for: bare quartz (top row), Al coated quartz (center
row) and one of the avoided crossing measured for the charge focusing electrode configuration (bottom row). The
measurement data (blue dots) is fitted in the complex plane, but projected on the magnitude plot (solid red line).
The strong attenuation in the lines is compensated by a LNA that provides an amplification of 56 dB. b) Thermal
drift of the mechanical resonance peak for the CF electrode configuration caused by the change of the quartz
material coefficients as a function of temperature. It is possible to observe several other weakly coupled modes to
cross (in fact, exhibiting small avoided crossings) the main peak at temperatures above 40 K, which, as observed in
Fig 4 and 5, impact negatively the quality of the acquired data above such temperature.
the Al-coated quartz electrode configuration of Fig. 1b,
there is an Al-island of 2 mm diameter and 30 nm thick-
ness evaporated on the top surface of the piezo disk. In
this configuration there are no bonding wires connected
to the resonator, but it is actuated and measured through
a top port (SMA pin of 1 mm radius at roughly 200 µm
distance) and bottom electrode, as seen in Fig. 1c. The
bottom electrode lies on the concave support chip, that
is not fully metal-covered to control the external cou-
pling through the measurement port. The same method
of actuation is used for the the bare quartz sample.
The charge focusing (CF) design requires grounding of
the focusing spikes (Figs. 1c and 1d) and below the res-
onator for proper functioning. Hence, the supporting lens
structure is fully metalized, grounded, and wire-bonded
to the quartz disk. In separate measurements, we have
verified that the bond wires near the disk edges do not
affect the quality factor of the resonator.
The transmission measurement setup involves the
ports on top of the resonator and on-chip (charge fo-
cusing scheme) or in the bottom chip (for bare and Al-
coated quartz), as depicted in Fig. 1c. The resonance
peak is tracked from room temperature to base tempera-
ture of the refrigerator. The tracking algorithm needs to
account for a drift of 10 kHz in the resonance frequency,
that is roughly 105 times the linewidth. The resonance
line profiles are fitted in the complex plane by a model
that is derived from a 2-port RLC-circuit. The model is
also used to evaluate the external couplings of the ports
from the reflection parameters, allowing to separate the
total quality factor (QTot) into internal (Qint), and the
external quality factor (Qext) set by the measurement
ports. We note that apart from the losses due to the
measurement ports, Qint includes all losses, also the elec-
5trical losses in the charge focusing scheme as discussed
below. Our model also allows us to consider several over-
lapping modes. The characteristics of the transmission
peak data and the fitting are illustrated in Fig. 3a for the
three configurations at the base temperature (≈ 10 mK)
and at high temperatures above 5 K.
Figure 4 shows the measured quality factor of the three
aluminium metallization configurations under study.
One can see that, as expected from the minimal effect of
the thin Al layer, the quality factors for bare quartz and
the Al-island quartz exhibit similar temperature depen-
dence. However, the charge focusing design has a much
lower Q than the other two configurations at tempera-
tures below ∼ 10 K, while at higher temperatures all
the configurations show roughly similar Q values. The
sharp dips in Q above ∼ 40 K result from crossing of
the main mode with other weakly coupled modes that
have an opposite temperature dependence (Fig. 3b) of
the resonance frequency. The fact that the crossing spu-
rious modes possess lower Q factors, is reflected in the
broader linewidths of the hybridised modes. Examples
of split peaks are shown in Fig. 3a with a coupling in the
order of 200 Hz.
The charge focusing case will be discussed below, and
now we focus on the bare quartz disk and Al-island quartz
disk configurations. The measured internal quality fac-
tors of the bare and Al-island coated quartz at the base
temperature are approximately 80 million and 100 mil-
lion, respectively. The Al-island quartz, somewhat sur-
prisingly, exhibits the best Q. We believe this is due
to small variations from chip to chip in some dissipa-
tion channels, which becomes more evident at lower tem-
peratures when other dissipation decreases. Below 100
mK the Q factor saturates, which can be either due to
insufficient thermalisation of the driven resonator, or a
temperature-independent dissipation source.
We use the material parameters of Table II and apply
them to the calculation of the Mason’s equivalent circuit
parameters of Table I. The literature usually provides the
material coefficients only for room temperature. To check
the model at low temperature we fit the measurements of
the bare quartz at base temperature to the circuit repre-
sented by a blue trace in Fig. 2 to find the loss tangents.
Then we use the fitted quartz complex coefficients to cal-
culate the quality factor expected for the mass-loaded
Al-island quartz disk (circuit of Fig. 2, red trace). The
quartz coefficients fitted at the base temperature show
the loss tangents for the complex permittivity and stiff-
ness approximately two orders of magnitude lower than
the literature values at room temperature. This is qual-
itatively reasonable, because at lower temperatures the
dielectric and elastic losses are expected to be smaller.
We thus find that the 30 nm thick aluminium layer
is thin enough to keep the loading of the quartz res-
onator close to the ideal mass damping region, where
the surface coating losses are small or negligible. Since
the charge focusing design of Fig. 1d has roughly simi-
lar amount of metalization, the lower quality factors ob-
Literature Value [29] Fitted Value
(Room Temperature) (Base Temperature)
33
(10−11 F/m)
5.3 · (1− 2× 10−3i) 5.3 · (1− 4.0× 10−5i)
c33,Quartz
(1010 N/m2)
2.94 · (1 + 4.5× 10−6i) 2.94 · (1 + 8.0× 10−8i)
h33
(109 V/m)
1.67 · (1 + 2.9× 10−5i) 1.67 · (1 + 2.9× 10−5i)
ρQuartz
(Kg/m3)
2650 2650
cAl
(1010 N/m2)
8 · (1 + 1× 10−2i) 8 · (1 + 1× 10−2i)
ρAl
(Kg/m3)
2700 2700
TABLE II: Complex material coefficients of AT cut
quartz and aluminium at room temperature and the
values obtained from the fit of the Mason’s equivalent
circuit (Fig. 2, blue trace) to the experimental results
shown on Fig. 4 for bare quartz at base temperature
(T ≈ 10 mK).
served with charge focusing cannot result from coating
losses in the electrode metalization, in contrast to the
findings in Ref. [23].
IV. MODIFIED MASON’S MODEL
We continue the discussion on the mechanical Q values
of the charge focusing electrode configuration (Fig. 1d).
As shown in Fig. 4, the internal Q for the focusing con-
figuration below ∼ 100 mK is more than an order of
magnitude smaller than in the other two setups and con-
stant below T ≈ 1 K. At T ∼ 1.2 K, we observe a sharp
step down, followed by a plateau and then fast drop up to
T ≈ 20 K. At higher temperatures Q increases again and
settles down to values similar to the other two configura-
tions. The sharp step down of Q at T ∼ 1.2 K matches
the superconducting critical temperature of aluminium,
best seen in Fig. 5, an indication that the low Q of the
focusing design may be connected to the conductivity of
the aluminium thin-film coating.
Next we discuss in detail the hypothesis that the re-
sistance in the Al coating, or generally in the electrical
part of the circuit, can be the source of low mechani-
cal Q factors. The strain-induced piezoelectric surface
charge density in the vicinity of the Al coating capaci-
tively couples to it, creating a charge distribution on the
aluminium layer. If such layer is connected to the ground,
for instance with wire bonds as in our case, the presence
of any electrical resistance between the coupled charges
and the ground creates a potential difference across the
aluminium thin-film. The potential difference will drive
the charges to the ground electrode, dissipating energy
in the process. If the resistance to ground is too big (eg:
coating layer not connected to ground; non-conductive
6FIG. 4: Dependence of the internal mechanical quality factor on temperature for the three metallization
configurations studied in this work: bare quartz disk (blue dots), quartz disk coated with an aluminium thin film
island (red diamonds), and quartz disk coated with an aluminium thin film in a charge focusing configuration (green
triangles).
coating material) the charge current is hindered and no
dissipation occurs. Similarly, zero resistance implies no
losses, and in between, there is expected to be a regime
of rough impedance match and maximum losses.
The leakage of mechanical energy to the electrical do-
main through the coating layer is not accounted for by
the classical Mason’s model. We propose a modification
to the model in order to be able to describe the low Q
factors measured in the charge focusing configuration. In
a way similar to the Mason’s representation of a coupling
between the quartz vibrations and the external measure-
ment circuitry (Fig 1e), we include an ideal transformer
to represent the coupling to the electric domain in the
aluminium layer. As with the measurement circuit, the
transformer winding ratio is proportional to the quartz
electromechanical coupling and, in the present case, the
area of the grounded spikes. The modified Mason’s model
is shown by the green trace of Fig. 2 and the winding ra-
tio M can be calculated with the expression from Table
I.
A. Temperature dependence of the electrical
resistivity of aluminium
We turn the discussion to estimation of the electrical
impedance ZEle (see Fig. 2) of the circuit including the
charge focusing spikes and ground connection. We start
by assuming there is a temperature-independent resis-
tance R0 in the ground connection. We also assume that
the Al is pure enough to have a sharp superconducting
transition. For temperatures above the aluminium su-
perconducting critical temperature, TC,Al = 1.2 K, there
is also a contribution from the aluminium film resistivity
ρele,Al. Hence, ZEle(T ) is given by:
ZEle(T ) =
{
R0 , T < TC,Al
R0 +Gρele,Al(T ) , T > TC,Al
(1)
where G is a geometric factor converting the resistivity
of the aluminium coating to the average resistance expe-
rienced by the charges traveling through the spikes.
To calculate the aluminium film resistivity above its
superconducting critical temperature we use Matthiessen
rule:
ρele,Al(T ) =
{
0 , T < TC,Al
ρR + ρPh(T ) , T > TC,Al
(2)
where ρR is a temperature-independent term arising from
the electron scattering on the material’s defects and im-
purities, and ρPh is a temperature-dependent term due
to electron-phonon interactions.
Some studies have found that the main electron-
phonon scattering mechanisms in nanostructured poly-
crystalline thin films are the scattering from intragran-
ular atoms or atoms at grain boundaries, or at surfaces
[30–32]. Both mechanisms are inversely proportional to
the grain size of the material, which in thin films is ap-
proximately equal to the film thickness. As a conse-
quence, our Al layer has a much higher resistivity than
expected from bulk Al. According to Ref. [33] the con-
tribution of the electron-phonon interaction to the resis-
7Value
ρR 6.69× 10−8 Ω m
a 2.97× 10−18
m 4
b 6.39× 10−15
n 3
TABLE III: Aluminium parameters for the calculation
of the resistivity at different temperatures, see Eq. (3).
Values from [33].
tivity of the thin film of Al can be calculated from
ρPh(T ) = aT
m + bTn , (3)
where the values for the parameters a, b, n and m are
given in Table III. Here, aTm denotes the resistivity con-
tributed by intragranular atoms and bTn represents the
resistivity related to grain boundaries or surfaces.
B. Mechanical quality factor of the charge focusing
electrode configuration
The electrical impedance ZEle to ground experienced
by the charges can be estimated for the case of the Al
thin-film using Eqs. (1), (2), (3) and the values given in
Table III. Two of the parameters are used to fit the model
to the experimental data: The 0 K residual resistance R0,
and the geometric conversion factor G in Eq. (3). Figure
4 shows that the temperature dependence of the mechan-
ical Q in the charge focusing electrode configuration has
a plateau when the aluminium is in the superconductive
state, immediately followed by a sharp drop at T > 1.2 K.
Those two features are used to fit the two free parameters
R0 and G.
When aluminium is in the superconducting state
ZEle(T < 1.2 K) ≈ R0, and R0 can be estimated by
finding how large ZEle is needed in the modified Ma-
son’s model to obtain the plateau at T < 1.2 K. We
obtain that R0 ≈ 1 Ω and, as previously mentioned, it
likely arises from resistance sources like the small con-
tact points in wire bonding, oxide formation at the alu-
minium - wire bond interface. The parameter G can be
estimated from the step height observed at 1.2 K. At
this temperature ρPh ≈ 0; hence from Eqs. (1) and (2)
we obtain ρele,Al = ρR and G = (ZEle(1.2 K)−R0) /ρR.
To find ZEle(1.2 K) we calculate the impedance needed
in the modified Mason’s model to reproduce the Q factor
measured in the plateau above T > 1.2 K. The value of
G obtained from the fitting is ≈ 6× 106 m−1.
In the focusing configuration (see Fig. 1d) the mechan-
ical mode is mainly focused in the center of the disk, thus
most of the piezo charges that couple to the aluminium
will arise at the tip of the spikes, and travel LSpikes ≈
3 mm to the grounded bond wires. The average cross sec-
tion area of the metallization experienced by the charges
traveling along the spikes is We × tAL ≈ 1 mm × tAl.
We can hence roughly estimate the expected value of
G ∼ Le/(tAlWe) = 108 m−1. The difference to the value
obtained above indicates that a considerable number of
electrons still couple to other regions of the spikes other
than the tips and travel shorter distances to ground.
Figure 5 shows a detailed view of the data in 4 for
the charge focusing electrode configuration. The data is
overlaid with three different theoretical curves: in the
dashed curve the variation of the quartz intrinsic losses
is neglected and the ohmic losses of aluminium are taken
into account with the modified Mason’s model; in the
dotted curve the intrinsic quartz losses are taken into
account and the ohmic losses are neglected by considering
ZEle =∞ ; in the dash-dotted curve both intrinsic quartz
losses and ohmic losses are taken into account using the
modified Mason’s model. We will next discuss in detail
the three theoretical curves.
For the computation of the dashed curve the quartz
material coefficients were considered constant in tem-
perature, so the only source of temperature-dependence
on the resonator dissipation comes from the aluminium
spikes’ ohmic losses. The drop of Q with the increase of
temperature for the bare quartz design, seen in Fig. 4,
however, demonstrates that the intrinsic dissipation of
quartz is not constant in temperature, explaining the dis-
crepancy between the dashed line and the experimental
data of Fig. 5.
The temperature dependence of the quartz material
coefficients needs to be taken into account for properly
modeling the system. For that purpose, we assume that
the only coefficient changing with temperature is c33
(specifically the imaginary part of c33, the correspond-
ing loss tangent) and calculate it for each temperature
through the fit of the classic Mason’s model to the ex-
perimental data for bare quartz and Al coated quartz dis-
played in Fig. 4. To minimize the aforementioned prob-
lems with variability of c33 from chip to chip, the value
used for subsequent data analysis is the average for each
temperature of the values calculated from the two fits.
The bare quartz measurement data is difficult to inter-
pret above T ≈ 100 K because of several avoided cross-
ings, clearly seen in Fig. 3b. The c33 for those temper-
atures was extrapolated from the fit of a curve to the
temperature range between 20 K and 80 K. The dotted
line of Fig. 5 represents the modified Mason’s model cal-
culated using the fitted values of c33 and disregarding the
ohmic losses by considering ZEle =∞, effectively reduc-
ing the modified Mason’s model to the Al coated classic
Mason’s model.
The dash-dotted line takes into account the tempera-
ture dependence of both the ohmic and quartz intrinsic
losses as discussed. This model provides the best match
to the experimental data for the charge focusing setup,
showing that in such electrode configuration both dis-
sipation mechanisms (quartz’s intrinsic mechanical dis-
8Bare quartz
Al-island
Charge focusing
            Modified Mason's Model,
            c33(T)=c33 fit(T) (Theory)
Modified Mason's Model, no ohmic loss
    c 33(T)=c33 fit(T) , ZEle=  (Theory)
            Modified Mason's Model,
            c33(T)=c33(0K) (Theory)
FIG. 5: Measurement of the temperature dependence of the total mechanical quality factor for the bare quartz and
charge focusing electrode configurations. The lines display the theoretical curves obtained by using the modified
Mason’s model of Fig. 2 while considering: (dashed) c33 of quartz constant in temperature and equal to the value
fitted for the base temperature shown in Table II; (dotted) c33 of quartz temperature-dependent, estimated for each
T from the fitting of the classic Mason’s model to the bare quartz data of Fig. 4, and ZEle =∞, what reduces the
modified model to the classic Mason’s model; (dash-dot) c33 of quartz temperature-dependent and estimated for
each T from the fitting of the classic Mason’s model to the bare quartz data of Fig. 4.
sipation and electrical ohmic dissipation) play a role in
determining the total dissipation of the mechanical res-
onator. The slight difference between the dash-dotted
curve and the experimental results at ≈ 10 K is likely as-
sociated to uncertainty in the definition of the material
coefficients for each individual chip. At very low temper-
atures, below 6 K, the quartz intrinsic loss is negligible
and the total dissipation is dominated by ohmic losses.
The impedance of the spikes at room temperature is
ZEle(300 K) ≈ 3 Ω. If instead of aluminium we would use
a more resistive coating material, the model predicts that
when ZEle ≈ 20 Ω there is impedance matching between
N2ZEle and ZT,Al. For impedances above 20 Ω the cur-
rent will flow preferentially through the ZT,Al branch of
the circuit of Fig. 2 and the impact of the spikes electrical
impedance on the Q factor will decrease. For ZEle much
larger than the matching value, the ideal transformer
that couples the electrical domain of the aluminium layer
to the quartz acoustic mode will act almost as an open
line, making our circuit similar to the standard Mason’s
scheme. Materials with higher resistivity than aluminium
may mitigate the effect of mechanical energy leakage to
the electric domain.
V. CONCLUSIONS
In this work we studied the quality factor of monolithic
quartz disk piezoelectric resonators with different elec-
trode configurations, and at temperatures ranging from
deep cryogenics (10 mK) up to room temperature. We
found that even with substantial electrode coverage, it
is possible to achieve quality factors up to ∼ 108. The
extra dissipation introduced by mechanical losses in thin-
film of aluminium coating is negligible, a fact that can be
explained by the small thickness of the aluminium layer
(30 nm) compared to the quartz disk (200 µm to 250 µm).
The use of a charge focusing design for the electrodes,
where sharp grounded aluminium spikes extend from the
edges of the disk to its center, has an effect to drastically
decrease the mechanical quality factor down to around
106. We suggest a model where the surface piezoelec-
9tric charge density can couple capacitively to the spikes.
The charges arising at the spikes will create a current
to ground, dissipating energy in the non-negligible re-
sistances at the aluminium thin-film. This dissipation
mechanism represents a leakage of mechanical energy to
the electrical domain.
We suggest a modification to the Mason’s model that
takes into account the aforementioned dissipation mech-
anism, which is not accounted for by the standard Ma-
son’s model. In our model we add an ideal transformer to
the equivalent circuit of the aluminium metallization to
represent the coupling between the mechanical mode and
the spikes. The winding ratio of the transformer depends
on the geometry of the spikes and on the electromechan-
ical coupling factor of the quartz disk. The behavior
predicted by our modified model agrees very reasonably
with the experimental results obtained for the mechani-
cal quality factor of the charge focusing design.
The model indicates that even when the Al film is in
the superconducting state, there is a small ohmic loss
between the metalization and the ground, corresponding
to a resistance around 1 Ω. We associate such losses to
resistance in the contact between the bond wires and alu-
minium layer, or oxidation of the materials. Minimiza-
tion of the aforementioned residual loss would be highly
beneficial for cryogenic experiments that use focusing
of the mechanical mode to achieve high electromechani-
cal coupling, while the same time need large mechanical
quality factors. For low temperatures the ohmic losses
dominate the dissipation of the mechanical resonator.
The increase in temperature increases the quartz intrin-
sic loss, evening its contribution to the total dissipation
with the ohmic losses.
We can conclude that the importance of the electrical
dissipation channel is mostly relevant when high-Q piezo-
electric resonators are coated with low-resistivity materi-
als and/or patterns that create the opportunity for non-
zero low impedance to ground. Metals that at room tem-
perature have enough resistivity to suppress the charge
current from the spikes to ground may become a source
of losses at cryogenic temperatures, where resistivities
are usually lower. The energy leak can be lessened by
minimizing the impedance to ground from the coating
layer, or eliminated by using coating films having a high
electrical resistivity.
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